El Niño warming corresponds to an eastward extension of the western Pacific warm pool; one thus naturally wonders whether an increase in the warm pool SST will result in stronger El Niños. This question, though elementary, has not drawn much attention. The observation that the two strongest El Niños in the instrumental record occurred during the last two decades, when the warm pool SST was anomalously high, however, has added some urgency to answering this question. Here observational and numerical results that support a positive answer to this question are shown.
Introduction
The tropical maximum SST-the SST in the western Pacific warm pool-has been anomalously higher in the last two decades. The two strongest El Niños in the century-long instrumental record-the 1982/83 and 1997/98 El Niño also occurred within this period (Fig.  1) . Are the exceptional strength of the 1982/83 and 1997/98 El Niños possibly due to the anomalously higher warm-pool SST? Given the fact that El Niño warming corresponds to an eastward extension of the warm pool, one naturally wonders whether an increase in the warmpool SST will result in stronger El Niños.
The need to better understand the effect of an increase in the warm-pool SST on the amplitude of ENSO is further highlighted by the concern with how ENSO will respond to global warming. By comparing the time series of the tropical maximum SST in Fig.  1a with the time series of the global mean air temperature (Houghton et al. 2001, Fig. 1a of the Summary for Policymakers), one notes that the warm-pool SST has been warming up over the last century in a very similar fashion to the global mean surface air temperature. This similarity includes the rapid warming in the early part of the twentieth century and the rapid warming in the last two decades. The warming trend in the global mean surface air temperature has been in part attributed by Houghton et al. (2001) to the effect of anthropogenic forcing. Given the striking similarity between the two time series, it is hard to imagine that the trend in the tropical maximum SST could be entirely free from the influence of global warming. Thus understanding the effect of an increase in the warmpool SST on the magnitude of El Niñ o may be an important step toward fully addressing the question of (Rayner et al. 1996). whether El Niñ o would become more energetic in response to global warming.
There are additional reasons to pay particular attention to the anomalously high warm-pool SST in the last two decades. Note that the interannual variability in the center of the warm pool is small. Consequently, the distinct warming over the last two decades in the tropical maximum SST is unlikely a consequence of stronger El Niño events during this period. The same cannot be said for the warming trend in the eastern equatorial Pacific where El Niño signals dominate the variability in the SST. The seemingly anomalously warm SST over the last two decades in the equatorial eastern Pacific could be largely due to the stronger El Niño events during this period. Cane et al. (1997) showed that with the effect of the El Niños removed, the eastern equatorial Pacific SST actually has a negative trend over the last century. After the 2-7-yr signal is removed from the SST of the last 50 yr through the use of a bandpass filter, no significant trend is detected in the eastern equatorial Pacific SST. Clearly, further study is needed to settle whether there is a significant warming trend in the eastern equatorial Pacific that is not due to the recent stronger El Niño events.
A positive relationship between the tropical maximum SST and the amplitude of ENSO was hypothesized by Sun (1997) . In an attempt to establish a theoretical basis for the empirically derived notion that El Niño may be a mechanism by which the equatorial ocean transports heat poleward (Sun and Trenberth 1998) , Sun (1997) constructed a simple mathematical model of the tropical Pacific that includes the delayed oscillator physics (Zebiak and Cane 1987; Battisti 1988; Suarez and Schopf 1988; Jin 1997a,b) , but calculates the total SST. Following earlier theoretical studies, the surface heat flux is parameterized to be proportional to the differences between the tropical maximum SST and the actual SST (Neelin et al. 1998) . Thus an increase in the tropical maximum SST in the model is equivalent to an increase in the net surface heating across the equatorial Pacific. The deep ocean temperature is fixed in the model. Sun (1997) found in this model that El Niño-like oscillations only occur when the tropical maximum SST exceeds a critical value-a value that is very close to the observed one-and that the magnitude of El Niño warming increases with further increases in the tropical maximum SST. The model, however, is a highly simplified one. Nonetheless, the results appear to be consistent with an earlier result from the study with the use of a more sophisticated model-the intermediate model of Zebiak and Cane (1991) . Using their pioneering model for ENSO, they found that a warmer SST in the background state supports more energetic ENSO. In a more recent study using the same model, however, Clement et al. (1996) found that ENSO in the model actually becomes weaker in response to an increase in the surface heating.
[The increase in the surface heating was achieved through an uniform increase in the restoring SST across the model domain (30ЊS-30ЊN)]. The apparent discrepancy between these two studies may not be serious because the resulting changes in the mean state in experiments with enhanced heating of Clement et al. (1996) may be different from those imposed in the study of Zebiak and Cane (1991) . Note that intermediate models for ENSO do not have a heat budget for the subsurface ocean, and consequently the subsurface temperature (T sub ) has to be parameterized. Thus the response of ENSO as well as the mean state in an intermediate model to an increase in the surface heating could be very sensitive to the details of how T sub is parameterized. In fact, Sun (2000a) suggested that the differences between the results from Sun (1997) and the study by Clement et al. (1996) could be partially due to the differences in the way T sub was parameterized (or equivalently how the subsurface ocean feels the additional heating imposed on the surface of the ocean). The uncertainty associated with the empirical parameterization of T sub may not be removed unless the ocean model used has an explicit heat budget for the subsurface ocean.
The results from fully coupled GCMs are more mixed. Early studies by Knutson et al. (1997) , Tett (1995) , and Meehl et al. (1993) suggest that global warming may result in little changes in the amplitude of ENSO. A recent study by Timmermann et al. (1999) , however, shows that at least in their model, the amplitude of ENSO increases significantly in response to global warming. Since the model of Timmermann et al. (1999) has a finer resolution in the Tropics than earlier GCMs, the later results may be more reliable. In light of the sensitivity results from the model of Zebiak and Cane (1987) , Timmermann singled out the changes in the vertical stratification in the upper thermocline as a potential candidate to be responsible for the enhanced ENSO variability. As they further discussed, however, there were many other significant changes in the model mean state that may or may not work in the same direction as the vertical stratification. Consequently, a casual relationship is hard to ascertain from their study. What appears to be needed is a study using a simpler model with a simpler forcing. Using a model that is capable of calculating the heat budget of the entire upper ocean, and yet allows the tropical maximum SST to be changed easily then emerges as a reasonable start in that direction. While we acknowledge that global warming is potentially a more complex forcing than a simple increase in the tropical maximum SST or the surface heating in the equatorial region, we also would like to point out that the increases in the topical SST over the last 50 yr are confined to the equatorial region-the subtropical and extra-tropical SSTs are actually somewhat colder (Zhang et al. 1997) . (To the extent the eastern equatorial Pacific SST is connected to the subtropical/extratropical SST on the decadal and longer timescales, the cooling in the subtropical/extratropical SST further suggests that the anomalous warming in the eastern equatorial Pacific is the effect of the strong El Niño events during this period.) Thus studying the impact of a warmer warmpool SST on the amplitude of ENSO may be more relevant for understanding how ENSO responds to global warming than it may first appear to be.
To date, fully coupled GCMs have not been used to single out the effect of an increase in the tropical maximum SST and consequently the effect of an enhanced surface heating over the equatorial Pacific on the magnitude of El Niño warming. The technical difficulty for such a study has probably been the obstacle. Nonetheless, in comparing the National Center for Atmospheric Research Climate System Model (NCAR CSM) simulations of the present climate with observations, one notes a positive relationship between the warm-pool SST and the amplitude of ENSO: the CSM has a colder warm-pool SST (Kiehl 1998) , it also has a much weaker ENSO (Boville and Gent 1998; Meehl and Arblaster 1998) . Of course, both the cold bias in the warm-pool SST and the underestimate of ENSO could be a result of inaccuracies in the model physics, such as the cumulus parameterization scheme, rather than one being the cause of the other. This again speaks of the need for a study that is specifically designed to address the influence of the warm-pool SST on the magnitude of El Niño warming.
The present study attempts to fulfill such a need-to better ascertain and understand the effect of an increase in the warm-pool SST on the amplitude of ENSO. We attempt to achieve this objective through combining observational data with focused numerical experiments. We note at the very beginning that the tropical maximum SST is fundamentally linked to the surface heat flux into the equatorial ocean. First, the equatorial surface heat flux F s appears to be well represented by the traditional formula F s ഠ SST p Ϫ SST where SST p is the SST the surface ocean would have attained in the absence of any ocean dynamics. (SST p has been termed the radiativeconvective equilibrium SST by previous studies, emphasizing its close relationship with the radiative heating.) This formula has been widely used in earlier theoretical studies (Neelin et al. 1998) and is supported by the most recent calculations of the equatorial surface heat flux (Trenberth 1997) . Since the net heat flux in the center of the warm pool is nearly zero (Ramanathan et al. 1995; Gent 1991) , the maximum SST is close to SST p . Model results generally show that raising SST max through increasing SST p increases the zonally averaged heat flux into the equatorial ocean (Sun and Liu 1996; Clement et al. 1996; Seager and Murtugudde 1997) . With the consideration of the close relationship between the tropical maximum SST and the equatorial surface heating, we will first proceed with empirical results from an analysis of the heat balance of the tropical Pacific over the last 20 yr. These empirical results further substantiate the notion that El Niño represents a major mechanism by which the equatorial upper ocean transports heat poleward. This finding suggests a specific link between the tropical maximum SST (T max ) and the magnitude of El Niño warming as they both are involved in a fundamental way in the heat balance of the tropical Pacific. The empirical results also show that El Niño acts as a regulator of the heat content in the western Pacific, adding another important detail to how the warm-pool SST may influence the magnitude of El Niño warming. The empirical results also highlight the role of the equatorial cold tongue or the role of La Niña in helping the ocean to store heat absorbed at surface to the subsurface ocean, the subsurface ocean in the western Pacific in particular. Combining these results, we envision the following scenario concerning the response of ENSO to an increase in the tropical maximum SST. An increase in the tropical maximum SST initially results in an increase in the zonal SST contrast through the mechanism of Sun and Liu (1996) and Clement et al. (1996) . A stronger zonal SST contrast then strengthens the surface winds. Because of the stronger winds and the resulting steeper tilt of the equatorial thermo-
(a) Distribution of annual mean surface heating over the Pacific Ocean inferred from the the energy balance of the atmosphere over the ERBE period (Sun and Trenberth 1998) . (b) Distribution of surface heating from the NCEP-NCAR reanalysis for the same period (Kalnay et al. 1996) . Data in (a) and (b) are smoothed by a ninepoint filter and have units of W m Ϫ2 .
cline, the coupled system not only has more heat stored in the western Pacific, but also is more potentially unstable, and is thus poised to release its energy through a stronger El Niño warming. A stronger El Niño then pushes the accumulated heat poleward and prevents heat buildup in the western Pacific and thereby stabilizes the coupled system. We test this hypothesis using a coupled model in which the ocean component is a primitive equation model and therefore explicitly calculates the heat budget of the entire upper ocean. We finally discuss the implications of the present study and also point out potential caveats.
Observational results

a. The role of El Niño in heat removal from the equatorial Pacific
El Niño warming occurs in the part of the tropical Pacific where there is strong surface heating. Using bulk formulas and marine weather observations, Weare et al. (1981) calculated the annual mean surface heat flux over the tropical Pacific. The calculation revealed that the tropical Pacific is strongly heated in the equatorial region (and cooled in the higher latitudes). More recent calculations using a residual method (Trenberth 1997; Sun and Trenberth 1998) and direct output from National Centers for Environmental Prediction-NCAR (NCEP-NCAR) reanalysis (Kalnay et al. 1996) confirm this feature (Figs. 2a and 2b ). Figures 2a,b imply that the ocean has to remove heat away from the equatorial ocean to the higher-latitude ocean. Is El Niño a basic process in this poleward heat removal?
The heat balance in the equatorial Pacific has been traditionally described in terms of poleward surface Ekman flow and the returning subsurface geostrophic flow. Figure 2 .1 in Philander (1990) typifies this description. While this picture is meant to represent the time-mean circulation, it nevertheless carries an implication that the poleward heat removal is achieved by a steady circulation. In fact, a very recent study by Klinger and Marotzke (2000) apparently assumed that this was indeed the situation. As we will see more clearly, the heat removal from the equatorial Pacific is not constant in time. The poleward heat transport is achieved more in an episodic fashion, and those episodes apparently have a good correspondence with the occurrences of El Niños. We will suggest that El Niño is a mechanism by which the equatorial ocean transports heat poleward in the same sense as cumulus convection transports energy upward away from the surface boundary layer. This analogy then allows us to see from a new perspective what controls the stability of the coupled equatorial tropical ocean-atmosphere, and why the tropical maximum SST is an important parameter in determining the magnitude of El Niño warming. Wyrtki (1985) was probably the first who suggested a possible link between El Niño and the heat balance of the tropical Pacific. He noted that at the end of the 1982/83 El Niño, warm water in the equatorial Pacific was depleted and was lost to higher latitudes. This result suggested a heat discharge toward higher latitudes during the 1982/83 El Niño. A more quantitative picture for the discharge of heat during El Niño was given by Sun and Trenberth (1998) who compared the differences in the poleward heat transport in the ocean between 1987 (an El Niño year) and 1985 (a normal year) with the concurrent changes in the shortwave cloud forcing and in the transport of moist static energy in the atmosphere. They found that the increases in the poleward heat transport in the ocean are four times as large as the increases in the cloud reflection of solar radiation. The large heat loss to the higher latitudes then raises the question of where the heat removed during the El Niño warming comes from in the first place. Extending the analysis of the heat balance of the tropical Pacific to the entire Earth Radiation Budget Experiment (ERBE) period, Sun (2000b) showed that the heat removed comes from the accumulated heat in the upper ocean, which in turn comes from the surface heating. During the cold phase, the surface heat flux into the ocean is strong while the poleward transport of heat is weak, resulting in accumulation of heat in the upper ocean. The accumulated heat then resurfaces in the eastern equatorial Pacific through the undercurrent, and upwelling and El Niño warming develops. The ensuing rapid zonal redistribution of heat in the equatorial Pacific results in a thermal structure that enhances the poleward heat transport across the basin. The large increase in the poleward heat transport incurred by El Niño eventually plunges the system into a cold state and the ENSO cycle starts again. The results thus reinforce the impression that the heat removal from the equatorial Pacific may be divided into two stages-a preparation stage and an actual removal stage-and that El Niño may be a basic mechanism by which the ocean transports heat poleward. The analysis period of Sun (2000b) , however, only covers one ENSO cycle. Consequently, whether transporting heat poleward episodically is a defining feature in the maintenance of the long-term heat balance of the tropical Pacific, and whether El Niño events have a general good correspondence with the transporting episodes, are not yet concretely known.
In this paper, we extend the calculation of the heat budget of the tropical Pacific to the last 20 yr over which ocean temperature data from the NCEP assimilation system are available (January 1980 -August 1999 Ji et al. 1995) . This period covers six El Niños among which the 1982/83 and the 1997/98 El Niño were exceptionally strong. In this section, we first attempt to address the following two questions: 1) Do all El Niñ os in the extended period of analysis correspond to an elevated level of poleward heat transport? 2) Are stronger El Niñ os accompanied with stronger poleward heat transports?
We have calculated the heat transport the same way as in Sun (2000b) . The ocean heat content H c was first calculated from the ocean temperature data provided by NCEP assimilation for the Pacific Ocean (Ji et al. 1995) . Then the heat balance equation of the ocean
was employed to obtain the convergence of heat in the ocean D o ; and thereby the heat divergence out of the equatorial region (ϪD o ). In Eq.
(1) F s is the surface heat flux into the ocean; F s was from the NCEP reanalysis (Kalnay et al. 1996) . The surface heat flux used in Sun (2000b) and Sun and Trenberth (1998) was derived using ERBE data (Barkstrom et al. 1989 ) and the energy balance of the atmosphere (Trenberth 1997; Sun and Trenberth 1998; Trenberth et al. 2001) , which is only available for the ERBE period. The mean equatorial surface heating from NCEP is somewhat weaker compared with the derived product used in Sun and Trenberth (1998) (Fig. 2) . The interannual variability in the NCEP surface heating also appears to be somewhat weaker (Fig. 3 ). Since the derived product is also subject to error, the differences in the two products at best provide a measure of the potential error in the NCEP surface heating. Note that the main features in the mean and the anomaly agree well between these two products (Figs. 2 and 3). Moreover, as shown in Sun and Trenberth (1998) , the interannual variability in poleward heat transport are preceded and then followed by quiescent periods during which the transport is small. There is significant seasonal variability, but correspondence between the active periods and the observed El Niños is evident. The observed El Niños during this period include 1982/83, 1986/87, 1991/92, 1993, 1994/ 95, and 1997/98 . The correspondence between the active periods and the observed El Niños is more clearly seen when the seasonal variations are removed (Fig. 5) . Note that the peak value of the heat transport out of the equatorial Pacific (5ЊS-5ЊN) associated with the 1997/98 El Niño almost doubles the mean peak value associated with the four weaker El Niños (1986/87, 1991/92, 1993, and 1994/95 ). Figure 5 also shows that the peak transport generally lags the peak surface warming in the equatorial Pacific.
These results add further support to the earlier suggestion that El Niño is a major mechanism by which the ocean transports heat from the equatorial ocean to the higher latitudes, just as atmospheric convection is a mechanism to transport heat upward away from the surface.
1 An immediate issue raised by this notion is what the role of La Niña is. As we will see in the next section, the heat removed poleward by El Niño is heat stored in the subsurface ocean of the equatorial western Pacific. La Niña, as we will suggest in section 2c; represents a mechanism to absorb heat from the atmosphere and store the heat in the subsurface ocean of the equatorial western Pacific. Thus, both phases of ENSO play a critical role in the planetary-scale heat transfer in the coupled tropical ocean-atmosphere, though their roles appear to be distinctly different. The notion that El Niño represents a poleward heat removal mechanism also does not contradict the traditional understanding of the role of Ekman transport in the heat balance of the tropical Pacific. As demonstrated by Brady (1994) , both the meridional overturning and the gyre transport contribute to the increase in the transport during and immediately after El Niño warming.
b. The heat content in the western Pacific and the magnitude of El Niño warming
All El Niños are preceded by a buildup of heat content in the equatorial western Pacific [defined here as the western half of the Pacific (120Њ-205ЊE)]. The 1982/83 and 1997/98 El Niños were preceded by the strongest buildup of heat content in the equatorial western Pacific (Fig. 6 ). All El Niños are followed by a depletion of heat content in the equatorial western Pacific, reflecting the effect of the anomalous eastward and poleward heat transport during El Niños. Note that the 1982/83 and the 1997/98 El Niños result in the largest drop in the heat content of the equatorial western Pacific. It thus appears that El Niño acts as a regulator of the upperocean heat content in the equatorial western Pacific. The larger the buildup of heat in the equatorial western Pacific, the stronger the subsequent El Niño warming which further results in stronger poleward heat transport and thereby a larger drop in the heat content of the western Pacific. The drop in the heat content of the western Pacific is followed by a drop in the heat content in the entire equatorial Pacific (Fig. 7) as the heat is eventually pushed to the higher latitudes, consistent with Fig. 4 .
The question is then why El Niño occurs in a way as if it attempts to regulate the long-term heat content in the western Pacific. One possibility is that western Pacific heat content is linked to the stability of the coupled system and El Niño prevents the coupled system from becoming very unstable, consistent with the notion that El Niño results from an instability (Zebiak and Cane 1987; Battisti 1988) .
2 Figure 8 supports this interpretation. The figure shows that the higher the heat content in the western Pacific, the stronger the zonal tilt of the thermocline. Thus the heat content in the western Pacific is linked to the potential energy of the equatorial upper ocean and therefore to the stability of the coupled equatorial ocean-atmosphere system.
c. The role of La Niña in the planetary-scale heat transfer in the coupled tropical ocean-atmosphere
The spatial pattern of the heating over the equatorial ocean has a clear correspondence with the main feature of the SST distribution in that region-the equatorial cold tongue (Fig. 9a) . Figures 9b and 9c display the two main components in the surface energy budget-the net solar radiation and the latent heat flux. The equatorial cold tongue corresponds to a local maximum in the solar flux into the ocean and a local minimum in the latent heat flux out of the ocean. The equatorial cold tongue corresponds to the descending branch of the Walker circulation where deep convection is suppressed and thereby more solar radiation is allowed to reach the ocean's surface. On the other hand, the surface water in that region has a colder SST than the warm pool region, and therefore there is less loss of heat through surface evaporation. Figure 10 further contrasts the differences in SST, net surface heat flux, net solar radiation, and latent heat flux between 1985 and 1987. The year 1985 has a stronger zonal SST contrast than 1987. It also has a much stronger surface flux into the equatorial ocean, apparently because of a larger solar heat flux into the equatorial ocean and a reduced latent heat flux out of the equatorial ocean.
The relationship between the equatorial zonal SST contrast and the net surface heat flux into the equatorial ocean may also be understood from the perspective of the energy balance of the overlying atmosphere. The 1985 and 1987 (1985 minus 1987) . The data for the zonal wind stress are from the NCEP reanalysis. equatorial cold tongue corresponds to a region where energy in the atmosphere converges from the surrounding warmer region, the western Pacific warm pool in particular. The colder the cold tongue is relative to the warm pool (i.e., the larger the zonal SST contrast), the more energy converges over the cold tongue region. The net radiative flux at the top of the atmosphere, however, is insensitive to changes in the SST because of the radiative feedbacks of water vapor and clouds, as evident in the ERBE data (Sun 2000b ). The consequence is that the stronger the zonal SST contrast, the stronger the surface heat flux into the equatorial ocean (Sun 2000b) .
Also note that the stronger the equatorial zonal SST contrast, the stronger the equatorial zonal winds, which push the additional heat absorbed at the surface down into the equatorial upper ocean through tilting and deepening the thermocline (Fig. 11) . It thus appears that the equatorial cold tongue and the associated zonal SST contrast represent a mechanism by which heat is sucked into the equatorial upper ocean.
d. The ''heat pump'' hypothesis
The analysis of the heat balance over an extended period confirms that El Niñ o is a major mechanism by which the tropical Pacific transports heat poleward.
More importantly, the analysis shows more clearly that El Niñ o is a regulator of the heat content in the equatorial western Pacific. In addition, the analysis highlights the positive relationship between the equatorial surface heating, the equatorial zonal SST contrast and hence the magnitude of La Niñ a, the heat content in the equatorial western Pacific, and the stability of the coupled system. Synthesizing these results, we envision the following scenario concerning how the amplitude of ENSO may respond to an increase in the tropical maximum SST: an increase in the tropical maximum SST initially increases the zonal SST contrast via the dynamical thermostat mechanism of Sun and Liu (1996) and Clement et al. (1996) .
3 A stronger zonal SST contrast then strengthens the surface winds and thereby helps the ocean to store more heat to the subsurface ocean. Because of the stronger winds and the resulting steeper tilt of the equatorial thermocline, the coupled system is potentially unstable and is poised to release its energy through a stronger El Niñ o warming. A stronger El Niñ o then pushes the accumulated heat poleward and prevents heat buildup in the western Pacific. This scenario will be termed a ''heat pump'' hy-3 As found by Sun and Liu (1996) and Clement et al. (1996) , an initially zonally uniform increase in the surface heating results in a stronger zonal SST contrast because the effect of heating is opposed more in the eastern equatorial Pacific by the upwelling, but less so in the western Pacific because of the preexisting zonal asymmetry in the distribution of upwelling. pothesis for ENSO. It will be investigated in section 3 using a numerical model.
Numerical results
a. The model
We choose the NCAR CSM Pacific Basin modelthe model of Gent and Cane (1989) -as our ocean component. In contrast to the intermediate model of the type of Zebiak and Cane (1987) in which only the heat budget of the mixed layer is explicitly calculated, the model of Gent and Cane (1989) explicitly calculates the heat budget of the entire upper ocean. For our present purpose, which is to examine how the coupled ENSO system responds to an increase in the surface heating, it is crucially important to explicitly calculate the heat budget of the entire upper ocean. The domain of the Pacific Basin model is 30ЊS-30ЊN and 123Њ-289ЊE. Its spatial resolution in the longitudinal direction is 1Њ and has variable resolution in the latitudinal direction. Within the equatorial waveguide, the resolution is very fine (about 0.25Њ) and therefore ensures accurate simulation of the equatorial waves.
In assessing whether NCAR's Community Climate Model version 3 (CCM3; Kiehl et al. 1998 ) is suitable for our purpose, we have noted that CCM3 does not simulate correctly the relationship between the surface heat flux and the zonal SST contrast. Figure 12a shows variations of the observed equatorial zonal SST contrast over the ERBE period (February 1985 -April 1989 . Figure 12b shows the corresponding variations of the net surface heat flux into the equatorial ocean from observations and a CCM3 run with the observed SST (Kiehl et al. 1998) . Observations show that as the zonal SST strengthens and weakens, the net surface heat flux increases and decreases accordingly. Such a relationship is barely evident in the CCM3 simulation. This inadequacy in simulating the relationship between the zonal SST contrast and the net surface heat flux is apparently linked to a problem in the representation of cloud feedbacks. Figure 12c compares the variations of shortwave cloud forcing over the ERBE period from observations and CCM3. Observations show that in response to surface warming during El Niño, more clouds develop to shield the solar radiation from reaching the ocean's surface. The CCM3 simulation barely captures this effect.
As noted by Cess et al. (1990) , cloud feedbacks are also not well simulated in many other GCMs. The above analysis helps to illustrate an important, but often overlooked point, which is that while the overall capability of a comprehensive GCM may be better than a simpler or more empirically based climate model, it is not necessarily closer to nature in every aspect than the simpler models. In view of the problems that CCM3 has with clouds, we take a more empirical approach here. The net surface heat flux into the ocean is assumed to be proportional to the differences between the actual SST and the potential SST-the SST the ocean would have if it acted as a mixed layer without any heat transport,
(2) where F s is the net surface heat flux into the ocean, C p is the specific heat, is the density of water, c is the restoring coefficient, H m is the depth of the mixed layer which has a fixed value in the ocean model (50 m), is the latitude, and is the longitude. Considering the energy balance of the overlying atmosphere,
) where N T is the net radiative flux at the top of the atmosphere, D a is the horizontal convergence of total energy in the atmosphere, S c is the clear sky solar radiation, E is the surface emission, G a is the greenhouse effect of water vapor, C l is the greenhouse effect of clouds, and C s is the shortwave forcing of clouds, the restoring coefficient may be linked to atmospheric feedbacks by Using the values provided by Sun and Trenberth (1998) , c is estimated to be 5.8 ϫ 10 Ϫ8 s Ϫ1 , corresponding to a relaxation time of 200 days. Equation (2) has been used frequently in earlier theoretical studies (Neelin et al. 1998; Sun and Liu 1996; Clement et al. 1996) . The resulting relationship between the surface heat flux and SST on the interannual timescale is supported by recent observational results (Sun and Trenberth 1998; Trenberth et al. 2001) .
In reference to the observed SST and the net surface heat flux from the NCEP reanalysis, SST p is assumed to take the following form: where A and B are empirical constants. Over the equatorial western Pacific warm pool, F s has to be very small (Gent 1991) . Therefore, by Eq. (2), the SST in the equatorial western Pacific warm pool must be very close to SST p . This further implies a positive relationship between the net surface heat flux into the equatorial ocean and the equatorial zonal SST contrast, consistent with observations. This formulation is also consistent with some earlier theoretical studies of ENSO in which SST p was termed the SST of the radiativeconvective equilibrium state of the coupled system (Neelin 1991; Neelin and Jin 1993; Sun and Liu 1996; Sun 1997) . Also in line with these earlier theoretical studies, the zonal equatorial wind stress (5ЊS-5ЊN) is coupled to the equatorial zonal SST contrast, (6) where x is the actual zonal wind stress in the equatorial region (5ЊS-5ЊN), ref is the corresponding value of a reference state, ⌬T and ⌬T ref measure, respectively, the equatorial zonal SST contrast of the actual and the reference state, and is a parameter that measures the sensitivity of surface wind stress to changes in the equatorial zonal SST gradients. The coupling of the zonal wind stress with the zonal SST contrast is assumed to decrease away from the equatorial region following a cosine profile. Outside the region of 15ЊS-15ЊN, the influence of changes in the equatorial zonal SST contrast on winds is assumed to be negligible. As argued in earlier theoretical studies of ENSO, the effect of the meridional wind stress anomaly on the coupled equatorial wave dynamics is secondary, and therefore for the first-order approximation, the feedback from the meridional wind stress may be neglected.
b. Numerical results
To test the ''heat pump'' hypothesis inferred from observations, two experiments with this coupled model have been carried out. Experiment II (warm case) differs from experiment I (cold case) only in SST p () and the difference is confined to the equatorial region (5ЊS-5ЊN). [The difference in SST p () follows a cosine profile with a value of 2 K at the equator and zero at the edge of 5ЊS-5ЊN.] The annual mean wind stress from the NCEP reanalysis for the period of 1980-99 was used as the wind stress of the reference state ( ) (Fig. 13a ).
x ref The SST of the reference state was obtained by spinning up the ocean model to equilibrium with this wind stress forcing and a specified profile of SST p () in the form of Eq. (3) (A ϭ 26ЊC, B ϭ 5ЊC). The resulting equilibrium SST is shown in Fig. 13b . Note that the reference state is an equilibrium solution of the coupled model. The equatorial zonal SST contrast in Eq. (6) is measured by the area-averaged SST differences between (5ЊS-5ЊN, 130Њ-180ЊE) and (5ЊS-5ЊN, 230Њ-280ЊE). In reference to the interannual variations of the equatorial zonal wind stress over the central equatorial Pacific and the corresponding interannual variations in the equatorial zonal SST contrast from NCEP reanalysis, a value of 0.0060 N m Ϫ2 K Ϫ1 is used for parameter . Instantaneous coupling was used to obtain the results from the coupled model shown here-fluxes of heat and momentum were computed every ocean time step. We have further found that switching to the use of 10-day average in calculating the interfacial fluxes leads to very similar results. Figure 14 shows Niño-3 (5ЊS-5ЊN, 90Њ-150ЊW) SST variations from experiment I and experiment II. The corresponding time-mean distributions of surface heating are shown in Fig. 15 . Consistent with observations, the distribution of surface heating in these two runs is characterized by heating in the equatorial region and cooling in the subtropics. Both experiments have selfsustained oscillations. The oscillation has a period of 3-4 yr, which is consistent with observations and with the results from the intermediate model of Zebiak and Cane (1987) . Also consistent with observations, the warming is confined to the equatorial central and eastern Pacific (Fig. 16) . The evolution of the subsurface ocean temperature over the life cycle of the model El Niño closely follows observations (Fig. 17) . The initiating stage is characterized by a warm anomaly in the western Pacific. The warm anomaly extends to the east following the undercurrent, which characterizes the development stage. The mature stage is characterized by a zonal redistribution of warm water. The aftermath stage is when the warm water in the upper ocean is depleted.
The oscillations in the case with a stronger equatorial heating are more energetic. Interestingly, while the warm phase becomes warmer, the cold phase also becomes colder. The colder temperature in the cold phase in the eastern equatorial Pacific is apparently due to the ''dynamical thermostat'' mechanism of Sun and Liu (1996) and Clement et al. (1996) . The zonal SST contrast during the cold phase is much enhanced during the cold phase in experiment II (Fig. 18a ). The resulting stronger winds then enhance the zonal slope of the thermocline-the thermocline in the west equatorial Pacific deepens while the thermocline in the east becomes shallower (Fig. 18b) . A shallower thermocline in the eastern equatorial Pacific implies that the temperature of the subsurface water upwelling into the surface layer of that region is colder. So any initial increase in the zonal SST contrast will be enhanced through the positive feedback loop among the SST, the surface winds, and the upperocean dynamics. Also noted by Sun and Liu (1996) and Clement et al. (1996) , an initially zonally uniform increase in the surface heating is opposed in the eastern equatorial Pacific by the upwelling, but less so in the western Pacific because of the preexisting zonal asymmetry in the distribution of upwelling.
The dynamical thermostat mechanism of Sun and Liu (1996) and Clement et al. (1996) , however, is a fitting prediction only for the response of the zonal SST contrast during the cold phase. Averaged over the entire life cycle of ENSO, the zonal SST contrast is only slightly larger in experiment II than in experiment I (Fig.  19a) . The increase in the time-mean zonal SST contrast from experiment I to experiment II is less than 10% (0.4ЊC). In contrast, the variance of the Niño-3 SST in experiment II is more than twice as large as in experiment I. Thus the zonal SST contrast may be regarded as insensitive to increases in the surface heating. This is because El Niño-the warm phase of the oscillationwarms the eastern Pacific and cools the western Pacific (Fig. 19b) . Note that despite a 2-K increase in SST p in experiment II, the SST in the far western equatorial Pacific changed little in the warm phase, indicating a S U N FIG. 16. SST anomaly (ЊC) during the warm phase from (a) experiment I, (b) experiment II, and (c) observations. The warm phase starts at the point when the surface warming over the Niñ o-3 region reaches half of the maximum warming and ends at the point when the surface warming in that region falls to half of the maximum warming. Conversely, the cold phase starts at the time when the cooling already reaches half of the maximum cooling and ends when the cooling recedes to half of the maximum cooling. Shown are composites. For the model experiment, four warm/cold events are used for the composite. The ocean temperature data from the NCEP assimilation system (Ji et al. 1995) are used to construct the composite for the observations and it includes all six El Niños in the last 20 yr. substantial cooling effect by a stronger El Niño warming on the western Pacific SST. In a sense, El Niño regulates the zonal SST contrast. Sun and Liu (1996) overlooked the cooling effect of El Niño because the model they employed does not have full ENSO dynamics. Clement et al. (1996) , on the other hand, used an intermediate ocean model that only has a heat budget for the mixed layer. It is possible that an intermediate ocean model may underestimate the feedback from El Niño on the time-mean climate. Figure 20 shows the variations in the poleward heat transport away from the equatorial Pacific. The poleward heat transport in experiment II becomes more episodic in the sense that the poleward heat transport is more concentrated in the active period. Consistent with observations and the results of Brady (1994) , the maximum poleward heat transport lags the maximum surface warming. Figure 21a shows the time-mean temperature differences in the upper ocean between experiment I and experiment II. In the upper 200 m, the vertical stratification in the western Pacific slightly decreases from experiment I to experiment II while the vertical stratification in the central and eastern Pacific remains approximately the same. The lack of significant increases in the ''sharpness'' of the time-mean thermocline suggests that the amplitude of ENSO can increase considerably even in the absence of significant increases in the strength of the thermocline. Timmermann et al. (1999) , Meehl et al. (2001) , and Otto-Bliesner and recently attributed increases in the amplitude of ENSO in their experiments to a stronger time-mean thermocline. The present results support more the inference from observations that the amount of heat accumulated in the upper ocean of the western and central Pacific during the cold phase is a key element in determining the magnitude of El Niño warming (Fig. 21b) . The present experiments further suggest that the amount of heat in the equatorial western Pacific in the cold phase may be proportional to the tropical maximum SST or the intensity of the equatorial surface heating.
The lack of considerable changes in the time-mean upper-ocean thermal stratification results from large cancellations between the corresponding changes in the cold phase and those in the warm phase (Figs. 21a-c) . Conversely, if one attempts to search for changes in the time-mean state as candidates responsible for changes in the amplitude of ENSO, one finds that the amplitude of ENSO is very sensitive to changes in the time-mean state, in particular in those aspects that vary widely with ENSO (such as the zonal SST contrast and the vertical stratification in the upper ocean). Latif et al. (1993) noted in their GCM experiments that the amplitude of ENSO is very sensitive to changes in the time-mean state. The present results suggest a possible explanation. Figure 21 also supports strongly the notion that El Niño acts as a regulator of the equatorial upper-ocean heat
17. Evolution of the subsurface temperature at various stages of El Niño from experiment II and observations. The initial state corresponds to the time when the Niño-3 SST anomaly is at a minimum, the developing stage corresponds to the time when the Niño-3 SST anomaly rises to zero, the mature stage corresponds to the time when the Niño-3 SST reaches a maximum, and the decaying stage corresponds to the time when the Niño-3 SST anomaly falls back to zero again. Shown are composites. The composite for experiment II includes four cycles of the model oscillation. The ocean temperature data from the NCEP assimilation system (Ji et al. 1995) content-the heat content in the equatorial western Pacific in particular.
Though the present experiments suggest that the amplitude of ENSO can increase without increases in the strength of the time-mean thermocline, the availability of a source for cold water remains important in the present experiments. Figure 21b indicates that the subsurface water upwelling in the eastern Pacific is colder. Recall that the additional heating introduced in experiment II is confined to the equatorial region. Also note that the deep ocean temperature is kept the same in the two experiments. Thus in the present model, through advection and diffusion, both the equatorial deep ocean and the higher-latitude ocean may be an important source of cold water. Strictly speaking, the key attribute is not the absolute value of the warm-pool SST, but the degree of contrast between the warm-pool SST and the temperature of the water feeding the upwelling in the eastern equatorial Pacific. Studies have suggested that subsurface water that feeds the equatorial upwelling may partially come from higher latitudes (Lu et al. 1998; Liu et al. 1994; McCreary and Lu 1994) . Future experiments may need to explore how changes in the subtropical SST or the temperature of the deep ocean may affect the equatorial subsurface temperature and the amplitude of ENSO.
Summary and discussion
To better understand the relationship with the tropical maximum SST and the amplitude of ENSO, the heat
Upper-ocean temperature differences between experiment I and experiment II (ЊC) in (a) the time mean, (b) during the cold phase, and (c) during the warm phase. The definitions of the warm and cold phases are the same as in Fig. 16. balance of the tropical Pacific over the last two decades was first examined. The results suggest that an increase in the tropical maximum SST may result in more energetic El Niños. Numerical experiments with a coupled model in which the ocean component is a GCM and therefore explicitly calculates the heat budget of the entire upper ocean support this suggestion. Increasing the warm-pool SST through increasing the potential SST over the equatorial Pacific initially results in a stronger zonal SST contrast or a stronger La Niña, apparently through the dynamical thermostat mechanism of Sun and Liu (1996) and Clement et al. (1996) , which helps the ocean to store more heat in the western Pacific subsurface ocean. A stronger El Niño then develops and pushes the heat poleward with a stronger El Niño warming. These findings are schematically summarized in Fig. 22 . The results link the tropical maximum SST, the surface heating, the western Pacific heat content, and the stability of the coupled system. They suggest that the western Pacific heat content may be a key parameter in determining the stability of the coupled system, and that by regulating the heat content in the western Pacific, El Niño may be a mechanism to prevent the coupled system from becoming substantially unstable. Conversely, the processes that maintain a sufficiently high warmpool SST (relative to the temperature of the subsurface water feeding the upwelling in the equatorial eastern Pacific) are also the processes that keep the ENSO cycle going. We call this extended understanding of El Niño warming a ''heat pump'' picture for ENSO.
The heat pump picture for ENSO advances our understanding of ENSO on two fronts. First, it delineates the importance of a fundamental thermodynamic condition that is required to support El Niño. The picture implies that the existence and strength of ENSO in the present climate owes not only to coupled wave dynamics, but also to a warm-pool SST that is sufficiently high relative to the temperature of the deep ocean. Second, the heat pump picture suggests that the background state-the time mean state-may in turn be determined by ENSO. Specifically, El Niño may regulate the warm pool SST and the associated zonal SST contrast in the time-mean state. Therefore, the heat pump picture ties El Niño to the heat balance of the tropical Pacific. This picture does not reject, but extends the ''delayed oscillator hypothesis'' (Battisti 1988; Suarez and Schopf 1988) or the later ''recharge oscillator'' hypothesis (Jin 1997a,b; Neelin et al. 1998) . Note that both the delayed oscillator hypothesis and the later recharge oscillator hypothesis are derived from an anomaly model of ENSO-the intermediate coupled model of Zebiak and Cane (1987) . Such a model examines the behavior of a SST anomaly in a fixed environment-the observed time-mean climate (Zebiak and Cane 1987; Neelin et al. 1998) . Moreover, despite the recognition that the surface warming is fed by the heat from the subsurface, an anomaly model for ENSO does not have a heat budget for the subsurface ocean. To obtain a realistically looking growth rate and a finite peak amplitude of the surface warming, an anomaly model for ENSO has to further prescribe a relationship between the temperature of the upwelling water and the dynamical depth of the thermocline. Such a prescription further involves the use of a particular reference profile for the vertical structure of the subsurface temperature (Battisti 1988; Jin 1997a,b) . While these empirical treatments have allowed a clear delineation of the mechanism for the phase transition of ENSO, they also appear to have obscured the role of the warm pool SST and the associated heat balance of the entire equatorial upper ocean. The present study brings the importance of the heat balance to the forefront and highlights the possibility that El Niño events and the time-mean climate are mutually depen-S U N FIG. 22. A schematic showing the heat pump hypothesis for ENSO. The response of the equatorial coupled ocean-atmosphere to an increase in the radiative heating consists of two phases. In phase I, the zonal SST contrast strengthens-the western Pacific becomes warmer but the eastern Pacific becomes colder. This allows the ocean to absorb the added heat from above and transport it to the subsurface ocean-the western Pacific subsurface ocean in particular (Fig. 22a) . As the thermocline deepens in the west, however, the ocean becomes more unstable. A stronger El Niño then develops, transporting more heat poleward, reversing the effect of the enhanced radiative heating on the SST and the depth of the thermocline in phase I (Fig. 22b) , and thereby minimizing the effect of the enhanced radiative heating on the time-mean structure of the coupled equatorial ocean-atmosphere system. dent. In an analogy with biology, the coupled wave dynamics emphasized in the delayed oscillator hypothesis (or the delay mechanism underscored in the recharge oscillator hypothesis) may be regarded as a ''gene'' of the coupled climate system. Whether the gene in a real biological organism expresses or fully expresses itself depends on the environment it is subjected to (e.g., whether the environment has sufficient nutrients). The normalized longitude is defined as x* ϭ (x Ϫ x 1 )/(x 2 Ϫ x 1 ) where x 1 and x 2 are, respectively, the physical longitude that defines the eastern end and western end of the basin (120Њ and 290ЊE for the equatorial Pacific, and 310Њ and 10ЊE for the equatorial Atlantic). The surface heat flux data used here are the same as that for Fig. 2a . The ocean temperature data are from the Levitus and Boyer (1994) World Ocean Atlas 1994. Whether the coupled climate system is able to sustain El Niño depends on the value of the tropical maximum SST or more simply on how warm the Tropics are relative to the deep ocean. Just as biological organisms may modify their environment, how warm the Tropics are may in return depend on the magnitude of El Niño events. The heat pump picture thus suggests an equilibration process between El Niño events and their planetary-scale environment (i.e., the warm-pool SST and the associated time-mean climate). Such an equilibration process clearly deserves further study.
This heat pump view of the origin of ENSO appears to shed new light on the question of why El Niño-like phenomena are absent in the Atlantic Ocean. Figure 23 compares the surface heating, SST, depth of the thermocline, and the upper-ocean heat content between the equatorial Pacific and equatorial Atlantic. The equatorial Pacific and the Atlantic have different zonal widths. To isolate the importance of the aforementioned thermodynamical conditions, the relevant quantities are compared on the normalized longitude-the width of the two basins are scaled by their respective zonal width. Figure 23 shows that the Atlantic Ocean has a lower warm-pool SST, weaker surface heating, a less steep thermocline, and a lower equatorial upper-ocean heat content. Thus Fig. 23 suggests that the reason for the absence of El Niño-like phenomena in the Atlantic Ocean is cooler SSTs or the associated lower heat content in the western Atlantic. Again, this explanation differs from but does not contradict the explanation offered by the delayed oscillator hypothesis. According to the delayed oscillator hypothesis, the reason for the absence of El Niño-like phenomena in the tropical Atlantic and Indian Oceans is that a surface warming in the eastern side of the ocean would not have sufficient time to develop before the cooling Kelvin wave emanating from the western boundary kills the warming. How fast the surface warming can grow, however, is unlikely to be independent of the amount of heat accumulated in the equatorial upper ocean.
By delineating the role of warm pool SST in controlling the amplitude of ENSO, the heat pump picture lends support for a possible link between the more energetic El Niños in the last two decades and the anomalously higher warm-pool SST of this period. To the extent the increases in the warm-pool SST can be attributed to global warming, the present results support the view that global warming tends to strengthen the ENSO cycle. We would like to caution, however, that experiments with more sophisticated models need to be done to further test this hypothesis. The present effort with the coupled model is largely limited to providing an example to show that the heat pump hypothesis inferred from observations can be consistent with the first principles that govern the heat and momentum conservation in the equatorial ocean. The ocean model is more sophisticated, but the treatment of atmospheric forcing has not gone significantly beyond earlier theoretical studies (Neelin 1991; Neelin and Jin 1993; Sun and Liu 1996; Sun 1997) . Of particular concern is the neglect of seasonal variations in the thermal forcing and the effect of ''weather noise'' in the present investigation. Recent studies using the Zebiak and Cane model have suggested an important role of the seasonal cycle in determining the magnitude of El Niño warming (Clement et al. 1996; Clement et al. 2000) . Evidence is also accumulating that weather noise may be an important element in ENSO dynamics (Penland and Sardeshmukh 1995; Eckert and Latif 1997; McPhaden 1999) . Nevertheless, the present results complement earlier theoretical studies using an intermediate ocean model that do not explicitly calculate the heat budget of the equatorial subsurface ocean.
The present results suggest that the underestimate of the amplitude of ENSO in the NCAR CSM (Boville and Gent 1998; Meehl and Arblaster 1998) may be linked to the cold bias in the equatorial SST (Kiehl 1998) . Recall Fig. 19a in the present article, which shows that the experiment with a higher tropical maximum SST and stronger El Niño events is also warmer across the entire equatorial Pacific. In the same vein, it may not be a coincidence that GCMs that have a cold bias in the equatorial SST also underestimate the magnitude of El Niño events (Davey et al. 2002; Latif et al. 2002) .
The present results may also be helpful for better understanding the recent empirical findings of Tudhope et al. (2001) . Their inference from coral data of an important role of western Pacific warm pool SST in regulating the amplitude of ENSO may be due to the mechanism delineated here. By revealing a role of El Niño in regulating the stability of the coupled system, the present results also provide a mechanism by which the time-mean state of the equatorial ocean is prevented from being forced substantially away from neutrality. 4 This in turn has implications for the question of why the long-term mean value of the tropical maximum SST appears to have been limited to below a critical value (Crowley and North 1991; Ramanathan and Collins 1991; Pierrehumbert 1995; Sun and Liu 1996) . These suggestions need to be further explored with the use of full-blown coupled GCMs. The present study should nicely complement those full-blown GCM studies by serving as a diagnostic framework for better understanding results from those more complex models.
